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The influence of prefire tree growth and crown condition on
postfire mortality of sugar pine following prescribed fire in
Sequoia National Park
Jonathan C.B. Nesmith, Adrian J. Das, Kevin L. O'Hara, and Phillip J. van Mantgem

Abstract: Tree mortality is a vital component of forest management in the context of prescribed fires; however, few studies have
examined the effect of prefire tree health on postfire mortality. This is especially relevant for sugar pine (Pinus lambertiana
Douglas), a species experiencing population declines due to a suite of anthropogenic factors. Using data from an old-growth
mixed-conifer forest in Sequoia National Park, we evaluated the effects of fire, tree size, prefire radial growth, and crown
condition on postfire mortality. Models based only on tree size and measures of fire damage were compared with models that
included tree size, fire damage, and prefire tree health (e.g., measures of prefire tree radial growth or crown condition).
Immediately following the fire, the inclusion of different metrics of prefire tree health produced variable improvements over the
models that included only tree size and measures of fire damage, as models that included measures of crown condition
performed better than fire-only models, but models that included measures of prefire radial growth did not perform better.
However, 5 years following the fire, sugar pine mortality was best predicted by models that included measures of both fire
damage and prefire tree health, specifically, diameter at breast height (DBH, 1.37 m), crown scorch, 30-year mean growth, and the
number of sharp declines in growth over a 30-year period. This suggests that factors that influence prefire tree health (e.g.,
drought, competition, pathogens, etc.) may partially determine postfire mortality, especially when accounting for delayed
mortality following fire.

Key words: generalized estimating equation (GEE), tree ring analysis, forest health, Pinus lambertiana, Sierra Nevada.

Résumé : La mortalité des arbres est une composante essentielle de l'aménagement forestier dans le contexte des brûlages dirigés.
Peu d'études ont cependant examiné l'effet de l'état de santé antérieur au feu sur la mortalité après feu. Cela est particulièrement
pertinent dans le cas du pin à sucre (Pinus lambertiana Douglas), une espèce dont la population connaît un déclin à cause d'une série de
facteurs anthropiques. À l'aide de données provenant d'une vieille forêt mélangée de conifères dans le parc national Séquoia, nous
avons évalué les effets du feu, de la taille des arbres, de la croissance radiale et de l'état des cimes avant le feu sur la mortalité après feu.
Des modèles fondés uniquement sur la taille des arbres et des mesures des dommages causés par le feu ont été comparés à des modèles
qui incluaient la taille des arbres, les dommages causés par le feu et l'état de santé des arbres avant le feu (p. ex., des mesures de la
croissance radiale et de l'état de santé de la cime des arbres avant le feu). Immédiatement après un feu, l'inclusion de différentes
mesures de l'état de santé des arbres avant le feu a produit des améliorations des variables comparativement aux modèles qui
incluaient seulement la taille des arbres et des mesures des dommages causés par le feu. De même, les modèles qui incluaient des
mesures de l'état des cimes ont mieux performé que les modèles qui incluaient seulement les dommages causés par le feu, mais ce
n'était pas le cas des modèles qui incluaient des mesures de croissance antérieures au feu. Cependant, 5 ans après un feu les modèles
qui prédisaient le mieux la mortalité du pin à sucre incluaient des mesures des dommages causés par le feu et de l'état de santé
des arbres avant le feu, en particulier le DHP, le roussissement de la cime, la croissance moyenne sur 30 ans et le nombre de baisses
marquées de croissance sur une période de 30 ans. Cela indique que les facteurs qui influencent l'état de santé avant un feu (tels que
la sécheresse, la compétition, les agents pathogènes, etc.) peuvent en partie déterminer la mortalité après feu, surtout lorsqu'on tient
compte de la mortalité différée à la suite d'un feu. [Traduit par la Rédaction]

Mots-clés : équations d'estimation généralisées (EEG), analyse des cernes annuels, état de santé de la forêt, Pinus lambertiana, Sierra Nevada.

Introduction
Tree death is one of the most fundamental and yet complex

processes controlling forest structure and dynamics (Franklin
et al. 1987). To understand and predict how forests of today will
look in the future, we must understand why trees die and what
environmental and physical attributes or events predispose a tree
to death (e.g., Waring 1987). This information is critical for im-

proving predictions about an individual tree's future probability
of mortality based on present and past conditions (Bigler and
Bugmann 2004). Tree death can be a complex process that is de-
pendent on multiple causes acting over different spatial and tem-
poral scales. It can be sudden, caused by an event such as a flood or
wildfire, or it can be a slow accumulation of factors that eventu-
ally lead to death such as competition, herbivory, disease, or
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climate change (Franklin et al. 1987). Often, however, it is an in-
teraction between short- and long-term stressors, with both fac-
tors playing a role in controlling mortality (Manion 1991).

Tree mortality plays a critical role in determining the long-term
effect of any forest fire. Tree death often defines the outcome of a
forest fire, including the number and size of gaps, the availability
of seed-producing trees for recovery, and the resulting forest
structure and composition. Fire is both a potential threat and a
critical tool for forest managers. In forests suffering from a cen-
tury of fire suppression, wildfire can drastically alter the land-
scape, affecting forest ecosystems in profound ways (Adams 2013;
Stephens et al. 2013). Yet, prescribed fire is also an essential tool
for managing forest health, including reducing the risk of cata-
strophic wildfire, promoting species that rely on fire or fire effects
for establishment, and reducing tree competition (Ryan et al.
2013).

Tree mortality after a fire occurs due to a complex interaction of
weather, fuels, topography, forest condition prior to the burn,
and the action of biotic agents such as bark beetles (Sieg et al.
2006). The most commonly used fire models measure fire severity
in terms of postfire tree mortality, and there is substantial empir-
ical evidence that relates fire injury, particularly crown scorch, to
probability of mortality (Ryan and Reinhardt 1988; Stephens and
Finney 2002; Hood et al. 2007). However, recent work has demon-
strated that the severity of a fire (i.e., tree mortality) is affected not
only by fire-caused damage, but also by stand conditions (Bigler
et al. 2005) and forest health prior to the fire. For example, van
Mantgem et al. (2003) showed that risk of mortality after fire for
white fir (Abies concolor (Gordon & Glend.) Lindl. ex Hildebr.) was
estimated most effectively when tree growth rate was included as
a measure of tree health in the predictive model. More recently,
using a large regional dataset, van Mantgem et al. (2013) showed
that the probability of survival after fires was associated with
drought stress prior to the fire, which presumably affected tree
health. In both cases, the studies tracked mortality 3–5 years after
fire, incorporating delayed mortality. Accounting for delayed
mortality is important, as death rates often remain elevated over
background levels for up to 6 years following a fire (van Mantgem
et al. 2011).

As the climate changes, the effect of prefire tree health on fire
severity may become increasingly important. There is growing
evidence that trees are under mounting stress as the climate
warms, with mortality rates in old-growth forests increasing
across western North America (van Mantgem et al. 2009; Peng
et al. 2011) and the apparent incidence of drought-induced mor-
tality events increasing worldwide (Allen et al. 2010). In addition,
a warming climate is increasing the incidence (Westerling et al.
2006) and severity of wildfires across the western United States
(US) (Miller and Safford 2012). In this context, our ability to quan-
tify the effect of prefire tree health on fire severity will only con-
tinue to grow in importance.

In this study, we examined the effect of prefire tree health on
postfire mortality for sugar pine (Pinus lambertiana Douglas), a spe-
cies of management concern (van Mantgem et al. 2004; Hood
2010), by quantifying prefire tree health using tree ring patterns
and visual measures of crown condition. Sugar pine is under in-
creased stress due to several interacting factors, including the
introduced pathogen white-pine blister rust (Cronartium ribicola
A. Dietr.), mountain pine beetle (Dendroctonus ponderosae Hopkins),
and a history of fire exclusion, which has led to increased compe-
tition, altered forest structure, and historically high fuel loads in
many parts of its range (Maloney et al. 2011). Although sugar pine
is a gap-adapted species that is resistant to low-severity fires due to
its thick bark and open canopy, managers have become con-
cerned that interactions among this novel combination of stres-
sors is leading to population declines (van Mantgem et al. 2004)
that may be exacerbated by the use of prescribed fire.

Quantifications of tree health, with or without fire, typically
rely on short-term measures (1–5 years) of radial growth as a sur-
rogate for tree health (e.g., van Mantgem et al. 2003). However,
recent research has found that long-term measures of radial
growth (up to 40 years) and those that take into account patterns
in radial growth can be more effective predictors of tree mortality
(Das et al. 2007). This research also demonstrated that long- versus
short-term measures of radial growth provide an index of cumu-
lative stress, allowing for more accurate predictions of mortality.
Two alternative estimates of tree health besides measures of ra-
dial growth are visual estimates of crown condition (Salman and
Bongberg 1942; Zarnoch et al. 2004) and live crown ratio (Dyer and
Burkhart 1987). Visual health-rating protocols are commonly used
to assess tree health in studies focused on measuring forest health
(Innes 1993; Mangold 1998). These measures do not provide a mul-
tiyear assessment of tree health as tree ring records do but instead
provide a single snapshot in time. They are much less time con-
suming to collect, however, and may provide an adequate esti-
mate of tree health that can be used as an alternative to tree ring
data.

We posit that long-term measures of radial growth, when com-
bined with fire damage variables, will improve our ability to pre-
dict cumulative 5-year postfire mortality when compared with fire
damage variables alone or when fire damage variables are com-
bined with short-term measures of radial growth or crown condi-
tion. We focus on cumulative 5-year postfire mortality, as we
would expect mortality immediately after a fire to primarily be a
function of fire damage (i.e., trees killed outright by the fire). We
use data from P. lambertiana with a diameter at breast height (DBH,
1.37 m) ≥ 10 cm in an area of Sequoia National Park that was
recently burned to address the following questions.

(i) Is 5-year postfire mortality better predicted by a combina-
tion of variables that include measures of both fire damage
and prefire tree health (e.g., radial growth or crown condi-
tion) compared with models based only on fire damage?

(ii) If so, do long-term measures of tree growth predict 5-year
postfire mortality better than measures of recent growth
or crown condition?

Answers to these questions will increase our understanding of the
relationship between prefire tree health and postfire mortality
and provide important information to managers for a species of
special concern.

Methods
This study was conducted within an old-growth mixed-conifer

forest in the Marble Fork drainage of Sequoia National Park, Cal-
ifornia, US (Fig. 1). The elevation ranges from 1900 m to 2150 m
within the study site. Soils consist primarily of coarse loams de-
rived from decomposed granite (Boerner et al. 2009). Mean precip-
itation for this area is 1200 mm·year–1, with most of this falling
as snow (Stephenson 1988). The most abundant overstory tree
species are white fir, sugar pine, and incense cedar (Calocedrus
decurrens (Torr.) Florin). Red fir (Abies magnifica A. Murray), Jeffrey pine
(Pinus jeffreyi Balf.), and ponderosa pine (Pinus ponderosa Douglas ex
P. Lawson & C. Lawson) also occur but at a lower abundance. The
site has never been harvested and has not experienced a stand-
replacing fire in >100 years (Knapp et al. 2005).

Sugar pines were sampled from within adjacent 15–20 ha pre-
scribed burn units that were originally established as part of the
national fire and fire-surrogate (FFS) study to examine the ecosys-
tem response to silvicultural treatments that were designed to
reduce fire hazard (Schwilk et al. 2009). The three treatments were
as follows: early-season burn, which burned in June, late-season
burn, which burned in September or October, and control, which
did not burn. These treatments were randomly assigned to nine
burn units. Sugar pine from five of the six early- or late-season
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burn units were sampled in this study. One additional unburned
control unit was sampled to assess how postfire mortality rates in
burned plots compared with background mortality rates in un-
burned plots. The control plots were similar in stand structure,
species composition, and fuel loads to the burned plots prior to
the fires (Schwilk et al. 2006). Prefire conditions including forest
structure and composition were similar within all units (Schwilk
et al. 2006). The types of data that were collected included infor-
mation on understory and overstory vegetation (Stephens et al.
2009), fuels (Knapp et al. 2005), soils (Boerner et al. 2009), insects
(Schwilk et al. 2006), and wildlife (Converse et al. 2006). Within
the burn units, fifty 20 m × 50 m modified Whitaker plots (10 per
burn unit) were established at permanent points along a 50 m grid
system (for detailed methods of plot establishment, see Schwilk
et al. (2006)). The number of plots within the burn units that
contained sugar pine varied from four to nine, and the number of
sugar pine within each burn unit ranged from 12 to 41.

Prior to the prescribed fires, live >1.37 m tall trees within these
plots were tagged and mapped, and DBH, tree height, height to
live crown, and crown condition were recorded. Live crown ratio
was calculated by dividing crown length (tree height – height to
live crown) by total tree height. Crown condition was measured as
an ordinal variable based on a visual rating system adapted from
Salman and Bongberg (1942). Each tree was assigned a rating of
one if it appeared healthy and vigorous, a rating of two if there
were small defects such as short needles or minor patches of dead
needles or branches (flagging), a rating of three if there were
substantial signs of stress such as broken tops or significant shal-
low crowns, or a rating of four if there were major health issues
such as top dieback from blister rust or if the tree generally ap-
peared to be near death.

Prescribed burns were conducted in two of the burn units dur-
ing September or October of 2001 and in the other three burn
units during June of 2002. Weather conditions were recorded
hourly during the burns and were similar among burn units that
occurred during the same season. Prefire fuel loads averaged
191.6 Mg·ha−1, and prefire fuel moisture was similar among burn
units that were ignited within the same season (Knapp et al. 2005).
Fires were ignited using drip torches and were primarily strip-
head fires that burned as surface fires at a low to moderate inten-
sity. Fuel loads were reduced by 67% in the early-season burns and
by 88% in the late-season burns (Knapp et al. 2005).

Following the burns, fire-caused injuries were assessed by mea-
suring percent crown volume scorched (CrownScorch), maximum
stem char height (CharHeight), and percent circumference of the
base of the stem that was charred (BasalChar) for each tagged tree.
Trees were then recorded as live or dead immediately (<1 year)
following the fire during the summer of 2002 and then 2, 3, and
5 years following the fire. Mortality status (live or dead) was also
recorded for sugar pine (n = 109) in one unburned FFS site during
these same remeasures. During the summer of 2007, tree cores
from all sugar pine trees with a DBH of ≥10 cm within the burned
plots were collected (96 dead and 69 live). Only live trees with a
DBH of ≥10 cm at the time of the burn were used in this study to
ensure that long-term growth records (at least 30 years) were avail-
able and because it was assumed that most trees with a DBH
of <10 cm would not survive the fire.

One core was collected per tree at breast height. In a few cases,
a second core was collected if there was question about the integ-
rity of the first core. If the first core proved to be usable, the
second core was not read. Cores were then mounted and sanded to
allow for an accurate measure of ring width. Rings were measured
using a dissecting microscope and a sliding-stage micrometer to
0.01 mm accuracy. Many of the trees that died following the fire
had significant rot, as they had been dead for several years, result-
ing in only 105 trees (55 dead and 50 live) producing readable cores
of at least 30 years in length. Seventeen of the live tree cores were
excluded because of breaks in the cores or an insufficient number
of rings, and another two of the live tree cores were excluded
because of missing data such as missing DBH or measures of fire
damage.

As part of our error-checking procedures, we cross-dated cores
to help identify false or missing rings. A master chronology was
developed from 21 cores with the greatest number of rings and
was used to check the cores for errors, including missing or false
rings, using COFECHA (Grissino-Mayer 2001). Any cores with miss-
ing or extra rings, as indicated by COFECHA, were visually in-
spected to confirm the errors, using known marker years as a
guide. No changes were made to a measurement series unless the
error was visually identified on the core itself (e.g., finding partial
rings that were missed or false rings that were counted). Cores
that cross-dated poorly (<0.1 correlation) were remeasured to val-
idate the original measurements. The overall series intercorrela-
tion among the 105 cores with the master chronology was 0.322
and had a mean sensitivity (a measure of interannual variability)
of 0.213. Crossdating was only used as a method of error checking.
No cores were excluded due to an inability to cross-date.

Data analysis
The overall goal of the analysis was to test whether models that

included measures of prefire radial growth or tree crown condi-
tion in addition to size and fire damage variables predicted imme-
diate (<1 year) and 5-year postfire mortality better than models
based on tree size and fire damage variables alone. Logistic regres-
sion models were used to model probability of postfire tree mor-
tality (Hosmer and Lemeshow 2000). Given the nested structure of
the data (i.e., with trees nested within plots), we used generalized
estimating equation (GEE) models to account for the potential
correlation of trees within plots (Hardin and Hilbe 2012). A GEE
model is a common approach used with correlated data that esti-
mates model parameters through an iterative process of solving
a set of equations based on a quasi-likelihood distribution. It is
predicated on a marginal (population mean) interpretation of
model parameters compared with a conditional (subject-specific)
interpretation of model parameters employed by generalized lin-
ear mixed models (GLMM), another common approach used to
analyze non-normal hierarchical data (Fieberg et al. 2009). The
GEE model approach has been shown to be preferable to GLMM
when the goal is to compare population-level expected responses
(Alencar et al. 2012), as is the case in this study (see Supplementary

Fig. 1. Location of the burn units in Giant Forest, Sequoia National
Park, California. Early (June 2002) and late (September–October 2001)
refer to the season when the units were burned. Burn unit 7 was
an unburned control. The figure was modified from Knapp et al.
2005.
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Fig. S1 for a comparison between GEE and GLMM models1). Be-
cause of the binary nature of our response variable (live or dead),
the models used a logit link function and assumed a binomial
distribution. The logit link function is used to convert the re-
sponse variable (probability of mortality) into a continuous vari-
able that is linear with respect to the explanatory variables
(Hosmer and Lemeshow 2000).

Several variables must be specified when fitting a GEE model,
including a regression model of the mean and variance and a
model of the correlation structure of the data. Several working
correlation structures are possible, including independent, ex-
changeable, and autoregressive structures, as well as other struc-
tures (Hardin and Hilbe 2012). One appealing property of GEE
models is that they are robust to misspecifications of the correla-
tion structure (Ziegler and Vens 2010). We used an exchangeable
correlation structure in the regression analyses, as we felt that
this structure was most appropriate for our data and has been
used in similar studies of tree mortality (Thies et al. 2006). This
sets the correlation between any two responses in a sample unit as
equal and treats individuals from different sample units as inde-
pendent (Liang and Zeger 1986).

Model fit relative to other tested models was assessed using a
quasi-information criterion (QIC; Pan 2001). The QIC is similar to
the more well-known Akaike's information criterion (AIC) but is
based on quasi-likelihood estimation instead of maximum likeli-
hood estimation (Pan 2001). QIC was also used to evaluate the
selection of an exchangeable correlation structure compared with
an independent correlation structure to examine the effect of the
nested structure of our data on parameter estimates. We defined
a meaningful change in model fit as a difference in QIC between
models of ≥2, a commonly used cutoff with AIC (Burnham and
Anderson 2002).

Models based on tree size, fire damage variables, tree health
variables, and all variables combined were compared to assess
whether the inclusion of measures of prefire tree health would
substantially improve the predictive power of sugar pine mortal-
ity immediately following the fire and 5 years after the fire. Model
selection was carried out over several steps. First, the degree of
correlation between the fire damage variables was assessed, and
no pair of fire damage parameters displayed a correlation
of >0.6. Next, a full model that included the effect of DBH, fire
season, and measures of fire damage (CrownScorch, CharHeight,
and BasalChar) was evaluated for both immediate postfire mortal-
ity and 5-year postfire mortality. Then, backwards stepwise elim-
ination was used to remove variables with low explanatory power
from the model. Lastly, the variable with the lowest Wald statistic
was removed until all remaining parameters in the model were
significant (Hosmer and Lemeshow 2000).

Once the final model was selected for predicting immediate and
5-year postfire mortality based only on measures of tree size and
fire damage, several different combinations of radial tree growth
or crown condition variables were added to evaluate whether the
inclusion of these parameters significantly improved model per-
formance. There were seven different measures of radial growth
in all, including annual growth immediately preceding the fire,
mean growth over 5 and 30 years preceding the fire, growth trend
(defined as the linear rate of increase or decrease in growth over 5
and 30 years), and number of sharp declines in growth over 5 and
30 years. Sharp declines were defined as any annual decline in
growth ≥ 50% relative to the previous year. Time periods of 5 and
30 years preceding the fire were selected because past research
has found growth over a 5-year period to predict mortality prob-
abilities (van Mantgem et al. 2003) and 30 years was the longest

time period measured from the tree cores that could be assessed
without having to further reduce sample size.

Each of the seven measures of tree radial growth was calculated
using radial increment. Other studies have also calculated growth
based on basal area increment or relative basal area increment
(current annual basal area increment divided by initial basal area).
Currently, there is no consensus in the literature as to which
metric of growth is best; some have preferred radial increment
(Das et al. 2007), others have preferred basal area increment
(Pedersen 1998; Bigler and Bugmann 2004), and still others have
preferred relative basal area increment (Disalvo and Hart 2002;
Karlsson et al. 2006). Each has a different relationship with tree
size and, therefore, produces slightly different results. The analy-
sis was also conducted using growth measured as basal area and as
relative basal area, but no one measure preformed consistently
better than the others. We, therefore, chose to use radial incre-
ment, as it is easy to interpret and has been used in previous
studies that evaluated the effects of long-term growth on the prob-
ability of mortality for sugar pine (Das et al. 2007).

Each growth index (mean growth, growth trend, and number of
sharp declines) and all combinations within each time frame (5 or
30 years) were tested in combination with the selected fire dam-
age variables, producing a total of 14 fire + growth models. The
annual increment from the year immediately preceding the fire
was also tested, so the total number of fire + growth models that
were evaluated was 15. Models based on two measures of crown
condition (visual crown health rating and live crown ratio) were
also tested both separately and in combination with the fire dam-
age variables for a total of three fire + crown condition models.
Through the examination of contrast tests of models that in-
cluded levels of the ordinal variable crown health rating, we
found that the logits followed a linear pattern and could be
treated as a numeric factor instead of an ordered factor in the
models. This improved the model fit and simplified the interpre-
tation of the model coefficients. In all, a total of 22 models
(4 fire-only models, 15 fire + growth models, and 3 fire + crown
condition models) were evaluated for both immediate and 5-year
postfire mortalities (see Supplementary Table S1 for a full sum-
mary of models that were tested).

For each set of models (fire only, fire + growth, fire + crown
condition), the best model or models were selected based on QIC
scores. A change in QIC of ≥2 was used as an indicator of a signif-
icant difference between model fits. Equivalent models (QIC
within two units of the best ranked model) are presented as alter-
native models with similar performance. Model discrimination
between dead and live trees was assessed using the receiver oper-
ating characteristic (ROC). A higher area under the ROC curve
(AUC) value indicates that a higher proportion of trees was
correctly classified as live or dead by the model (Hosmer and
Lemeshow 2000). The percentage of trees correctly classified by
each model was also reported based on an optimal cut point de-
termined by the data. The optimal cut point is the predicted sur-
vival probability that maximizes model sensitivity and specificity.
Model calibration was assessed using linear logistic calibration
plots from the val.prob function in the rms R package (Harrell
2014), and we found no bias in the predictions. All analyses were
conducted in R 3.1.1 (R Core Team 2014) and relied on several
packages, including geepack (Højsgaard et al. 2006), lme4 (Bates
et al. 2014), and pROC (Robin et al. 2011).

Results
Of the 105 sugar pine, 55 (52.4%) were dead 5 years following the

fire, with 25 dying immediately following the fire (Table 1). The
annual mortality rate peaked at 23.8% immediately after the fire

1Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/cjfr-2014-0449.
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and declined steadily over the course of the study to the point
where no new mortality occurred between 2006 and 2007 (Fig. 2).
The annual mortality rate 4 years and 5 years following the fire
was similar to the background mortality rates of sugar pine
within the adjacent unburned control plot. Trees were split evenly
between units ignited in the spring and in the fall, with 53 trees in
the spring burns and 52 trees in the fall burns. Mortality rates
were similar between burn seasons (Table 1), and this term was
never a significant predictor of mortality in any of the tested
models. The mean prefire DBH of trees that survived 5 years after
the fire was 50.7 cm compared with 28.1 cm for trees that were
dead (Table 1). CrownScorch displayed a bimodal distribution,
with the crown of many trees either being scorched completely or
not at all. Median CrownScorch was 5% for live trees 5 years after
the fire compared with 90% for dead trees. CharHeight was
strongly skewed to the right, with most trees receiving either
no or very little (<2 m) charring, with a few trees that were
charred >15 m up the stem (range = 0–19 m). The median Char-
Height of live trees was 95 cm compared with 145 cm for dead
trees. BasalChar also displayed a bimodal distribution and was
significantly lower in live trees than in dead trees, with median
values of 80% and 100%, respectively.

Percent live crown ratio was similar between live and dead
trees, with median values of 0.78 and 0.80, respectively (Table 1).
The prefire crown condition rating of live trees averaged 1.8 com-
pared with 2.8 for dead trees 5 years after the fire (Table 1), with
most trees with a poor crown condition rating (i.e., 4) prior to the
burn dying within 5 years after the fire (Fig. 3).

Models of immediate postfire mortality
The best models to predict immediate postfire mortality in-

cluded DBH, CrownScorch, BasalChar, and measures of crown
condition (Table 2). These models showed an improvement in
model performance relative to the fire-only models. The two best
fire + crown condition models included crown condition rating
and crown condition rating + live crown ratio and had QIC scores
of 53.78 and 51.89, respectively. The model that included both
measures of crown condition had an AUC of 0.972 and classified
95% of all trees correctly (96% of live trees were classified correctly
and 95% of dead trees were classified correctly) using an optimal
cut point of 0.51. Tree size had a significant negative relationship
with the probability of mortality, and larger trees were less likely
to die immediately after the fire (Table 3). CrownScorch was also a
significant predictor of immediate postfire mortality and had a

positive relationship with immediate postfire mortality (Wald
test, p < 0.001). BasalChar, however, displayed the inverse relation-
ship than would be expected, as its coefficient indicated that after
accounting for DBH and CrownScorch, trees with more BasalChar
were less likely to die immediately after the fire (Table 3). In the
model that included only tree size and measures of fire damage,
BasalChar was not a significant predictor of mortality (Wald test,
p = 0.07), although its inclusion did result in a slight improvement
in the QIC (Table 2). The coefficient estimate of the crown condi-
tion rating was positive, indicating that trees with less healthy
crowns had a higher probability of mortality immediately after
the fire (Wald test, p = 0.02). The coefficient for live crown ratio
was negative, which would indicate that trees with larger live
crown ratios were more likely to die immediately after the fire,
but this parameter was not significant (Wald test, p = 0.20).

Models to predict immediate postfire mortality based on mea-
sures of tree size and fire damage alone also fit the data well. The
best predictors of mortality immediately after the fire when only
fire damage variables and tree size were considered were DBH,
CrownScorch, and BasalChar (Table 2). The logistic regression
model using these explanatory variables had an AUC of 0.963,
indicating high discrimination in the classification of live and
dead trees. This model classified 88% of all trees correctly (67% of

Table 1. Summary statistics for 105 sugar pine recorded immediately
after the fire and 5 years after the fire in Sequoia National Park.

Immediate after the fire 5 years after the fire

Live Dead Live Dead

No. of trees 80 25 50 55
DBH (cm) 45.1 (3.8) 19.0 (1.8) 50.7 (4.2) 28.1 (4.1)
Live crown ratio 0.76 (0.02) 0.77 (0.04) 0.76 (0.02) 0.77 (0.03)
Crown health rating 2.0 (0.1) 3.2 (0.2) 1.8 (0.1) 2.8 (0.2)
Prefire growth rate (mm·year−1)
5 years 1.75 (0.13) 0.94 (0.14) 2.11 (0.18) 1.06 (0.10)
30 years 1.79 (0.11) 1.09 (0.12) 2.12 (0.14) 1.16 (0.09)
Prefire growth trend (mm·year−1)
5 years −0.07 (0.01) −0.09 (0.02) −0.08 (0.02) −0.06 (0.02)
30 years 0.05 (0.39) −1.05 (0.39) 0.43 (0.50) −0.80 (0.38)
No. of sharp declines
5 years 0.16 (0.05) 0.32 (0.10) 0.12 (0.05) 0.27 (0.06)
30 years 0.60 (0.12) 1.36 (0.26) 0.26 (0.07) 1.25 (0.19)
CrownScorch (%) 23.5 (3.5) 88.2 (6.5) 18.6 (3.7) 57.4 (6.1)
CharHeight (m) 2.7 (0.5) 2.4 (0.4) 3.0 (0.7) 2.3 (0.4)

Note: Values in parentheses indicate standard errors. DBH, diameter at breast
height (1.37 m); CrownScorch, crown volume scorched; CharHeight, maximum
stem char height.

Fig. 2. Annual postfire mortality rate of sugar pine in the study
area. By 2007, 55 of the 105 trees in the burned plots had died (mean
annual mortality = 9%), and 34 of the 109 trees in the control plot
had died (mean annual mortality = 5%).

0% 

5% 

10% 

15% 

20% 

25% 

2002 2003 2004 2005 2006 2007 

A
nn

ua
l m

or
ta

lit
y 

ra
te

Year 

Burned 

Control 

Fig. 3. Sugar pine mortality by crown health rating immediately
and 5 years after the fire in Sequoia National Park, California. Each
tree was assigned an ordinal rating of one to four, with one
indicating that the crown appeared healthy and vigorous and four
indicating major signs of stress and that the tree generally appeared
near death.
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live trees were classified correctly and 99% of dead trees were
classified correctly), using an optimal cut point of 0.81.

Models of immediate postfire mortality that included measures
of prefire radial growth in addition to measures of fire damage
displayed no improvement in model performance compared with
models based only on measures of fire damage and tree size or
models that included fire damage, tree size, and crown health
parameters (Table 2). The only measure of radial growth that im-
proved model fit compared with the fire-only and tree size only
models was annual radial growth 1 year before the fire; however,
this model did not perform substantially better than the fire-only
model (�QIC = –0.86).

Models of 5-year postfire mortality
When delayed mortality was accounted for, models that in-

cluded measures of fire damage and tree size, as well as measures
of radial growth or crown condition, performed substantially bet-
ter than models that included only measures of fire damage and
tree size. Models that included long-term measures of radial
growth outperformed models that included immediate prefire
growth or 5-year prefire growth (Table 4). The improvement in fit
is most evident when CrownScorch is high, as the fire + growth
model has a narrower 95% confidence interval compared with the
fire-only model (Fig. 4). The model that best predicted 5-year post-
fire mortality included 30-year mean growth and the number of
rapid declines within the 30-year period (Table 5). This model had
an AUC of 0.916, classifying 87% of all trees correctly (96% of live
trees and 78% of dead trees) using an optimal cut point of 0.35. Of

the trees that did not die immediately after the fire, 84% were
classified correctly. The coefficient estimate of the mean 30-year
growth was negative, indicating that trees with increasing growth
rates were less likely to die after the fire, whereas the coefficient
for the number of sharp declines was positive, indicating that
trees with more sharp declines were more likely to die after the
fire (Table 5). Regardless of what measure of radial growth was
used, almost all models that contained some measure of prefire
growth and fire damage performed significantly better at predict-
ing 5-year postfire mortality than models with only fire damage
and tree size, with 11 of the 15 fire + growth models exhibiting
substantially lower QIC scores than the best fire damage and tree
size only model.

Including visual crown condition rating or live crown ratio did
improve model fit compared with the fire damage and tree size
only model, though not nearly as much as the models that in-
cluded measures of radial growth (Table 4). The best fire + crown
condition model included crown condition rating and had a QIC
of 98.44, a substantial improvement (�QIC = −3.69) over the best
fire-only model. The model had an AUC of 0.879 and predicted 85%
of all trees correctly (88% of live trees and 81% of dead trees), using
an optimal cut point of 0.44. The coefficient estimate of crown
condition rating was positive (Table 5), indicating that trees with
healthier visual crown characteristics (lower rating) had a lower
probability of mortality 5 years after fire. The inclusion of live
crown ratio did not improve model fit.

The best model based only on measures of fire damage and tree
size included DBH and CrownScorch as the explanatory variables
and had a QIC of 102.16. Increasing tree size had a negative effect

Table 2. Best generalized estimating equation (GEE) models to predict immediate postfire mortality.

Model type Parameters QIC �QIC

Fire + crown condition DBH+CrownScorch+BasalChar+CrownCond+LiveCrown 51.89 −4.11
Fire + crown condition DBH+CrownScorch+BasalChar+CrownCond 53.78 −2.22
Fire + growth (last year) DBH+CrowScorch+BasalChar+LastYearDiam 55.14 −0.86
Fire DBH+CrownScorch+BasalChar 56.00 0.00
Fire DBH+CrownScorch 56.61 0.61
Fire + growth (5 years) DBH+CrownScorch+BasalChar+Decline5 57.88 1.88
Fire + growth (30 years) DBH+CrownScorch+BasalChar+Trend30 58.38 2.38
Fire + growth (5 years) DBH+CrownScorch+BasalChar+Trend5 58.84 2.84
Fire + growth (5 years) DBH+CrownScorch+BasalChar+Ave5 59.35 3.35

Note: Model type indicates the explanatory variables used in the models. All models included diameter at breast
height (DBH, 1.3 m) and measures of fire damage. Models that also included measures of radial growth are classified
as fire + growth models, and models that included measures of crown condition are classified as fire + crown
condition models. QIC, quasi information criterion; CrownScorch, crown volume scorched; BasalChar, percent
circumference of the base of the stem that was charred; CrownCond, a visual rating of crown health; LiveCrown,
live crown ratio; LastYearDiam, annual radial growth 1 year prior to the fire; Decline5, number of sharp declines in
growth over 5 years; Trend30 and Trend5, growth trend over 30 and 5 years, respectively; Ave5, average radial
growth over 5 years. DQIC values are relative to the best fire-only model.

Table 3. Coefficient estimates and standard errors (SE) for best fire-only model, fire + growth model, and fire +
health model to predict immediate postfire mortality.

Fire only Fire + growth Fire + crown condition

Immediate postfire
mortality Estimate SE p value Estimate SE p value Estimate SE p value

Intercept 0.748 1.187 0.529 2.008 1.286 0.119 1.011 2.101 0.631
DBH −0.112 0.038 0.003 −0.107 0.041 0.012 −0.133 0.060 0.026
CrownScorch 0.073 0.024 0.003 0.075 0.021 <0.001 0.078 0.013 <0.001
BasalChar −0.043 0.024 0.070 −0.050 0.021 0.016 –0.045 0.014 <0.001
LastYearDiam — — — −1.130 0.537 0.036 — — —
LiveCrown — — — — — — −2.681 2.108 0.203
CrownCond — — — — — — 0.986 0.423 0.020

Note: All models included diameter at breast height (DBH, 1.37 m) and two measures of fire damage: percent crown volume
scorched (CrownScorch) and percent circumference of the base that was charred (BasalChar). The fire + growth model also
included annual radial growth 1 year prior to the fire (LastYearDiam), and the fire + crown condition model also included live
crown ratio (LiveCrown) and visual crown condition rating (CrownCond).
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on the postfire probability of mortality, whereas increasing
CrownScorch had a positive effect on the postfire probability of
mortality (Table 5). The fire-only model had an AUC of 0.866 and
classified 83% of all trees correctly (80% of live trees and 85% of
dead trees) using an optimal cut point of 0.53. Of the trees that did
not die immediately after fire, only 77% were classified correctly.

Discussion
Models that included long-term measures of radial growth were

substantially better at predicting 5-year postfire mortality than
models with tree size and fire damage variables alone or models
that included only short-term measures of tree growth and mea-
sures of fire damage. This supports the idea that prefire tree

Table 4. Best generalized estimating equation (GEE) models to predict 5-year postfire
mortality.

Model type Parameters QIC �QIC

Fire + growth (30 years) DBH+CrownScorch+Ave30+Decline30 83.77 −18.36
Fire + growth (5 years) DBH+CrownScorch+Ave5 92.41 −9.72
Fire + growth (last year) DBH+CrowScorch+LastYearDiam 95.00 −7.13
Fire + crown condition DBH+CrownScorch+CrownCond 98.44 −3.69
Fire DBH+CrownScorch 102.13 0

Note: Model type indicates the explanatory variables used in the models. All models included diam-
eter at breast height (DBH, 1.37 m) and percent crown volume scorched (CrownScorch). Models that also
included measures of radial growth (Ave30 and Ave5 are the mean growth rate 30 and 5 years before the
fire, respectively, and Decline30 is the number of sharp declines over the 30 years before the fire) are
classified as fire + growth models. Models that included measures of crown condition (CrownCond is a
visual rating of crown health) are classified as fire + crown condition models. QIC, quasi information
criterion. �QIC values are relative to the best fire-only model.

Fig. 4. Comparison of fire effects only and fire + growth generalized estimating equation (GEE) models for predicting 5-year postfire
mortality. Explanatory variables in the fire effects only model were DBH and percent crown volume scorched (crown scorch). Explanatory
variables in the fire + growth GEE model were DBH, crown scorch, mean 30-year growth rate, and the number of sharp declines over 30 years.
Mean 30-year growth rate was held constant at 1.63 mm·year–1 (the mean value of all trees), and the number of sharp declines was held
constant at 0. DBH was held constant at 37.29 (the mean value of all trees) for both models. 95 Conf. int., 95% confidence interval.

Table 5. Coefficient estimates and standard errors (SE) for best fire-only model, fire + growth model, and fire + crown
condition model to predict 5-year postfire mortality.

Fire only Fire + growth Fire + crown condition

Estimate SE p value Estimate SE p value Estimate SE p value

Intercept 0.754 0.527 0.152 1.096 0.677 0.105 −0.965 0.745 0.195
DBH −0.047 0.016 0.004 −0.037 0.014 0.006 −0.037 0.015 0.019
CrownScorch 0.029 0.006 <0.001 0.033 0.008 <0.001 0.029 0.007 <0.001
Ave30 — — — −0.820 0.342 0.017 — — —
Decline30 — — — 0.835 0.245 <0.001 — — —
CrownCond — — — — — — 0.610 0.228 0.008

Note: All models included diameter at breast height (DBH, 1.37 m) and percent crown volume scorched (CrownScorch). The best fire +
growth model also included mean radial growth over 30 years prior to the fire (Ave30) and the number of sharp declines in growth over the
same time period (Decline30). The best fire + crown condition model also included a visual rating of crown health (CrownCond).
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health is important for predicting postfire mortality and confirms
the effectiveness of using tree ring patterns for estimating the
probability of mortality following prescribed fire for sugar pine.
This finding aligns with the more general observation that trees
that are exposed to chronic stressors and grow more slowly are
more likely to die when confronted with additional acute stres-
sors (Manion 1991; Franklin et al. 1987). This concept has been
supported by others who have found that trees experiencing a
long-term stress such as competition are more susceptible to
short-term stresses such as drought (Linares et al. 2010). In addi-
tion, the effect of previous stress on tree health appears to be
cumulative, as past events, even if in the distant past, can make
trees more susceptible to mortality (Pedersen 1998; Das et al.
2007). Das et al. (2007) found that combinations of several mea-
sures of radial growth, including mean long-term growth rate,
growth trend measured as the slope of growth over time, and the
number of sharp declines in growth rate over the past 40 years
could substantially improve predictive models of tree mortality in
unburned stands. Our results extend these findings to burned
stands, as measures of fire damage combined with long-term
mean growth and the number of abrupt declines in growth sub-
stantially improved estimates of mortality risk compared with
models based only on measures of recent growth in sugar pine.

The superiority of the models that included measures of prefire
tree growth or crown condition for predicting 5-year postfire mor-
tality appears largely to be a function of delayed mortality, as
fire + growth models were able to correctly classify the 5-year
postfire status of trees that survived the first year after a fire more
accurately than models that did not include prefire measures of
radial growth or crown condition. When the best fire + growth
model and the best fire-only model were reparameterized using
only trees that were still alive immediately after the fire (n = 80),
the fire + growth model performed substantially better (QIC = 78.6
versus 92.9). Immediate mortality, however, was best described by
fire + crown condition models, although fire-only models still
performed quite well, indicating that prefire tree growth only
becomes important for trees that survive the initial damage from
the fire.

The inclusion of delayed mortality is clearly critical for under-
standing the cumulative effects of a fire, and although often ig-
nored, this additional mortality can alter model predictions and
accuracy substantially. One way to account for delayed mortality
is to incorporate measures of prefire growth into the predictive
model, as this seems to be a driving factor in discriminating be-
tween trees that will eventually die and trees that will survive.

Of course, the use of tree ring data to predict mortality comes at
a cost. It poses a practical obstacle in that acquiring and process-
ing tree ring samples can be expensive and time consuming. In
contrast, visual estimates of crown condition such as live crown
ratio or a crown condition rating and even short-term growth rate
require a substantially smaller investment of resources. Other
substitutes for tree ring data besides crown condition may include
relative drought stress (van Mantgem et al. 2013) or repeated mea-
sures of DBH, which can be used to calculate mean prefire growth
rate (van Mantgem et al. 2003). These measures will likely be
inferior to the use of tree ring patterns for predicting cumulative
postfire mortality, but the inclusion of short-term measures of
growth or prefire crown condition still offer some improvement
over models that rely on fire damage variables alone.

Ultimately, the needs of a given manager will determine the
balance of cost versus benefit for a particular project. For exam-
ple, in the case of sugar pine, managers may deem the extra effort
for collecting tree rings to be justified. As previously noted, sugar
pine may be at higher risk of mortality following fire due to mul-
tiple factors such as blister rust, increased fuel loads, and changes
in climate (Tomback and Achuff 2010). Managers at Sequoia and
Kings Canyon national parks, for example, have already shown an
interest in protecting individual sugar pines during prescribed

fires (Nesmith et al. 2010), and the extra effort of collecting tree
rings to identify the most vulnerable trees might be justified in
some cases.

More broadly, this study adds to a growing body of research
suggesting that understanding the long-term impact of fire, par-
ticularly in the context of climate change, cannot be fully quanti-
fied without considering tree health prior to the fire (Allen et al.
2010; van Mantgem et al. 2013). Whether mangers are able to
collect tree rings or rely on other metrics, the importance of in-
corporating the tree and stand conditions when trying to under-
stand the potential effects of a burn (planned or otherwise) is
becoming increasingly clear.

Although we have only examined one species in this study, it
seems quite likely that our findings will apply generally to conifer
species in the Sierra Nevada or in other areas of the western US.
Other questions remain unanswered, including whether account-
ing for other environmental trends such as climate would further
improve models and whether models can be improved by creating
separate predictive models for trees that die immediately after
fire and for those for which mortality is delayed for one or more
years.

Prescribed fire has become one of the main silvicultural tools
used for management and restoration of sugar pine in the Sierra
Nevada (North et al. 2007). A better understanding of long-term
postfire mortality is critically important for achieving manage-
ment objectives for sugar pine given that local population de-
clines are expected to continue (van Mantgem et al. 2004). This
research implies that managers should expect higher mortality
from prescribed fire after periods of drought or other stress, even
when current fuel moisture levels are normal, and that increased
mortality will be driven by delayed mortality, as weakened trees
are less likely to recover from the effects of the fire.

Conclusions
Predicting mortality following a fire is an important goal for

forest managers. Models based on tree size and various measures
of fire damage are most commonly used to accomplish this. Al-
though special attention is often paid to fuel loads and fire
weather during prescribed fires to control postfire mortality rates,
the potential effects of prefire tree health are rarely considered.
However, this study has shown that factors that influence prefire
tree health can ultimately influence postfire survivorship and can
lead to an increase in fire severity without changing fire intensity.
Therefore, incorporating measures of prefire tree health into
models of postfire mortality, especially measures of long-term
radial growth, can substantially improve cumulative postfire mor-
tality predictions. This study also found that long-term measures
of growth produced substantial improvements in model perfor-
mance compared with short-term measures and should be pre-
ferred when long-term growth data are available.

As the climate continues to change, with forests experiencing
increasing stress and perhaps requiring increasing management
intervention, our need to accurately predict the effect of fire on
the landscape continues to grow. This work supports the notion
that we can only understand fire in the biological context in
which it occurs, with the condition of the forest likely playing an
important role.
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